Background
Introduction
Due to shared risk factors, individuals infected with human immunodeficiency virus (HIV) are at increased risk of also being infected with hepatitis C virus (HCV) [1] . The estimated risk of cirrhosis has been found to be two-fold higher in HIV/HCV coinfected individuals compared to HCV monoinfected individuals [2] . As well, plasma HCV RNA levels are higher and the frequency of spontaneous viral clearance is lower in HIV/HCV coinfected individuals compared to HCV monoinfected persons [3] [4] [5] . It is clear from chimpanzee studies that HCV-specific T cell responses correlate with control of HCV viremia [6, 7] . In HIV/HCV coinfection, HCVspecific T cell responses are compromised, resulting in poor HCV control and more rapid liver disease progression [8] .
IL-21 is a member of the common γ-chain cytokine family, produced mainly by CD4 + T helper cells, which regulates various innate and adaptive immune cells involved in viral clearance including T cells, B cells, NK cells, NKT and Th17 cells [9] [10] [11] [12] . Previous work has shown that IL-21-producing T cell responses are instrumental in the control of virus infections [11, [13] [14] [15] . IL-21 has also been shown to enhance Th17 responses [9] . In the mouse LCMV infection system, which models chronic infection, CD8 + T cells require IL-21 to sustain effector function and resolve infection [14] . In HIV infection, the frequency of circulating HIV-specific IL-21-producing CD4 + T cells correlates significantly with the ability to control HIV [11, 13] .
Specifically, HIV-induced secretion of IL-21 by CD4 + T cells leads to improved functionality and cytolytic activity of virus-specific CD8 + T cells [13] . Acute resolving HCV monoinfection is characterized by an expansion of IL-21 producing CD4 + T cells [16] . In chronic HCV monoinfection, serum IL-21 and the ability of CXCR5 + CD4 + T cells to produce IL-21 are both diminished [17] . Currently, the impact of IL-21-producing T cells in HIV/HCV coinfection is unclear. IL-17A is a member of the IL-17 family of cytokines and has been shown to induce and mediate proinflammatory effects [18] . IL-17A is secreted mainly by activated CD4 + T cells, including Th17 cells [10, 19] . IL-17A-producing T cell responses have been previously associated with bacterial infections and inflammatory disorders [10] . IL-17A is of interest when studying HIV/HCV coinfection as it has been shown to possess pro-fibrogenic properties, driving transforming growth factor (TGF)-β receptor upregulation on hepatic stellate cells [20] . In HIV monoinfected persons, HIV-specific, IL-17A-producing CD4 + T cells have been detected in early infection and have been proposed to be virus-specific T cells aberrantly primed as a result of microbial translocation due to HIV-related depletion of gut CD4 T cells [18] . HCVspecific IL-17A producing T cell responses have also been described in HCV monoinfection [21, 22] and were associated with a protective role in disease progression [21] , while others have found no correlation [23] . Since Th17 cells have the ability to produce both IL-21 and IL-17A, and considering the fact that IL-21 has a known role in viral control [10] , it raises the question of whether these cytokines are produced in an antigen-specific manner in HIV/HCV coinfection. The presence of HIV coinfection may negate the effect of Th17 cells on HCV viral control given that HIV also preferentially infects and eliminates Th17 cells, particularly at the mucosal surface, which may lead to the depletion HCV-specific Th17 cells in HIV untreated individuals [24] . Given the above questions regarding the IL-21/ IL-17A axis in viral control, the current study investigated the role of HCV-specific IL-17A and IL-21-producing cells in HIV/HCV coinfection in HCV viral control and liver disease progression.
Materials and Methods

Study Participants
We studied two cohorts: one cross-sectional and one longitudinal, which comprised individuals with acute or chronic HCV infection with or without HIV infection.
Cross-sectional cohort: Individuals were recruited from three institutions: University Health Network (Toronto, Canada), St. Michael's Hospital (Toronto, Canada) and St Vincent's Hospital (Sydney, Australia). Chronic HCV infection was defined as HCV sero-positivity > 6 months, associated with the presence of HCV RNA in plasma; acute HCV infection was defined as recent HCV seroconversion and detectable HCV RNA within 6 months of a negative HCV antibody test. Chronic HIV Infection was defined as HIV seropositive for > 1 year. None of the study subjects had yet received antiviral treatment for HCV. Six categories of HCV infected individuals were included in the cross-sectional study (1) Chronic HCV monoinfection, n = 10; (2) Chronic HCV/HIV coinfection, highly active anti-retroviral therapy (HAART) naïve, n = 6; (3) Chronic HCV/HIV coinfection, HAART treated, n = 7; (4) Acute HCV, chronic HIV HAART-naïve, n = 5; (5) Acute HCV, chronic HIV, on HAART n = 11; (6) acute HCV monoinfection, n = 1.
Longitudinal cohort: Seven subjects with both acute HCV infection and with chronic HIV coinfection and one subject with acute HCV monoinfection were followed longitudinally. Participants had multiple blood samplings drawn at diagnosis, and monthly or every 2 months for 6 months thereafter. HCV RNA levels were measured using Cobas Amplicor HCV Monitor v2.0 (Roche, Basel Switzerland;Conversion Factor: 1 IU/mL = 2.7 viral genome copies) or the Versant HCV RNA 3.0 (Bayer, Wuppertal Germany; Conversion factor: 1 IU/mL = 5.2 viral genome copies).
Plasma and PBMC isolated from blood taken from all individuals were cryopreserved for future use. All study participants provided informed, written consent and the research ethics boards at the University Heath Network, St. Michael's Hospital and St Vincent's Hospital approved the study protocol.
Transwell cytokine secretion assay
Crypopreserved Ficoll-Hypaque isolated peripheral blood mononuclear cells (PBMC) were thawed and CD8 + T cell depleted to avoid absorption of cytokines from supernatants by CD8 In vitro culture with recombinant IL-17A and IL-21
Cryopreserved PBMC were resuspended in RPMI 1640 media (Life Technologies) supplemented with 10% fetal bovine serum, 1% L-glutamine and 1% penicillin-streptomycin at 2 x 10 6 cells/ml in a 48-well round-bottom plate. HLA-A2 + subjects were identified using HLA-A2
antibody staining (BD Pharmingen) and subsequent flow cytometry analysis. PBMC from each sample were cultured in medium alone or medium supplemented with recombinant human (rh) IL-21 (at 100 ng/ml) (ebiosciences, San Diego, CA), or rh-IL-17A (at 100 ng/ml)(Miltenyi Biotech, Bergisch Gladbach, Germany) for 120 hours at 37°C and 5% CO 2 .
After 120 hours, cells were transferred to a 96-well V-bottom plate and stimulated separately with either medium plus DMSO alone (negative control) or 1μg/pep/mL of 10 overlapping 18-mers spanning HCV NS3 1073 (National Institute of Health Reagent Program, Bethesda, MD) at 1μg/mL per peptide for 6 hours at 37°C and 5% CO 2 in the presence of monensin and brefeldin A (1:1000) (BD Biosciences). Anti-human CD28 (BD Pharmingen) and anti-human CD49d (Biolegend) (both at 1 μg/ml) antibodies were added for costimulation. As a positive control, cells were separately stimulated with anti-CD3 (Biolegend) and anti-CD28 (Biolegend) (both at 1 μg/ml).
Multicolor cytokine flow cytometry
Crypopreserved PBMC were stained with fluorophore-conjugated monoclonal antibodies to human CD4 (Biolegend OKT-4), CD8 (Biolegend 53-6.7), IL-21R (BD Biosciences 17A12) or an IgG1 isotype control (ebioscience P3). Cells were washed and fixed with BD Cyotofix/Cytoperm fixation buffer (BD Biosciences). Cells were then washed with Perm/Wash buffer (BD Biosciences) and intracellular cytokine staining was performed using anti-IFN-γ (Biolegend B27). An aqua amine dye (Invitrogen) was used as a discriminating marker for live and dead cells. Background for intracellular cytokine staining was calculated based on Fluorescenceminus-one (FMO) and no-peptide negative controls. Data were acquired on an LSRII flow cytometer using BD FACSDiva software (both BD Biosciences) and analyzed by FlowJo (Tree Star Inc., San Carlos, CA).
LPS and soluble CD14 assays
Lipopolysaccharide (LPS) assays (limulus amebocyte lysate assay kit, Lonza, Bazel, Switzerland) were performed according to the manufacturer's instructions. Briefly, plasma samples were diluted 5 times in endotoxin-free water, heat inactivated at 70°C for 10 minutes, and assayed to quantify plasma LPS levels. A commercially available enzyme-linked immunosorbent assay (ELISA) kit was used to measure plasma levels of soluble CD14 (Quantikine Human soluble CD14 Immunoassay; R&D Systems, Minneapolis, MN).
Statistical Analysis
All data were analyzed using Graphpad Prism version 5.0 software (GraphPad Software, San Diego, CA). Differences in median IL-21 levels, IL-17A levels, LPS levels, and soluble CD14 levels were measured using the two-tailed Mann-Whitney U test. The impact of recombinant IL-21 treatment on rescue of HCV-specific T cell responses was evaluated using the two-tailed paired T-test for paired samples. Correlations were described using the Spearman's rank correlation coefficient. For subject characteristics, means and standard deviations for each subject group were calculated and analyzed by one-way ANOVA with Bonferroni's multiple comparison post-test to determine whether there were significant differences between groups.
Results
Participant Characteristics
We studied 8 individuals longitudinally during acute HCV infection and the other patients were sampled at a single time point during chronic HCV infection. Since up to 25% of individuals with acute HCV infection can eventually control virus, longitudinal study of these individuals could provide insights into immune correlates of virus control. 7 HIV/HCV coinfected individuals and 1 HCV monoinfected individual, all infected with HCV genotype 1 or 1a, were prospectively followed. 2 of the 8 patients exhibited spontaneous HCV viral control and 1 exhibited partial viral control and were included in the "partial and complete controllers" group, defined as having plasma HCV RNA levels of <1,000 IU/ml at one or more time points during acute infection. These 3 individuals had the following HCV RNA levels during acute infection: OM525-presented with a viral RNA level of 129IU/ml and 4 and 5 months after presentation had undetectable HCV RNA levels; OM634-presented with a viral RNA level of 42 IU/ml, and had HCV RNA levels of 1.3 x 10 4 IU/mL 3 months after presentation and 3.4 x 10 4 at 5 months after presentation, at which point this individual elected to initiate antiviral therapy (pegylated IFN-α2a/Ribavirin); OM755-presented with a viral RNA level of 1.42x 10 6 IU/ mL and became HCV RNA undetectable when tested 4 and 5 months after presentation. The 5 individuals that progressed to chronic infection, the non-controller group, were defined as having plasma HCV RNA levels of >1,000 IU/ml at all time points during acute infection. The cross-sectional study included a total of 39 subjects with chronic HCV monoinfection, chronic HCV infection with HIV coinfection, and acute HCV infection with HIV coinfection (Table 1 ). Individuals were stratified by HCV infection state (acute versus chronic) and HAART treatment status. All individuals were HCV therapy-naïve at the time of the study. Baseline and nadir CD4 + T cell counts, and duration of HAART were similar between groups.
ALT levels were higher in acute HCV infection. HAART treated HIV/HCV coinfected individuals had the highest fibrotest scores however these subject were also older. HIV coinfected subjects tended to have higher plasma HCV RNA levels.
HCV-specific IL-21-producing responses in acute infection are associated with relative viral control
In order to determine the role of HCV-specific IL-21 and IL-17A producing CD4 + T cells in HCV control we performed a highly sensitive transwell microbead-based cytokine capture assay to measure IL-21 and IL-17A production in antigen-stimulated cells as previously described [13] . In this transwell assay, CD8 + T cells are depleted from total PBMC as done previously [13] Fig 1) . In the 5 acutely HCV infected individuals unable to control viremia (Fig 1) , there were few IL-21 responses detected and in one individual only (OM671) was there IL-21 producing responses against multiple HCV antigens at multiple time points. In contrast, IL-17A was produced after HCV antigen stimulation in both those that controlled and those that did not control infection, at presentation and subsequent time points.
Individuals with HIV/HCV coinfection on HAART therapy exhibit stronger peripheral HCV-specific IL-21 responses
We then compared HCV specific IL-21 and IL-17A responses in individuals with acute versus chronic HCV infection, with or without HIV infection, and on or off HAART, using the above described transwell microbead-based cytokine capture assay. In the cross-sectional study, we examined HCV-induced secretion of IL-21 and IL-17A from the PBMC of individuals with HCV monoinfection, and acute and chronic HCV infection on a background of chronic HIV infection using the above described transwell microbead-based cytokine capture assay. In Fig 2 , n/a 9.17 (3.97) n/a 7.00 (6.68) n/a n.s. we saw that HCV-specific IL-21 production was significantly higher in the PBMC of chronically HCV/HCV coinfected individuals on HAART therapy compared to HCV monoinfected individuals and HIV/HCV coinfected individuals not on HAART (p = 0.003; p = 0.0183 respectively, Fig 2A) . Stronger HCV-specific IL-21 producing responses were also observed in the PBMC of acute HCV infected individuals with pre-existing HAART-treated HIV infection although it did not reach significance. In terms of HCV-specific IL-17A production, we observed no significant differences in IL-17A production at the different stages of HIV/HCV coinfection, however there was an overall trend to more HCV-specific IL-17A producing responses in the PBMC of individuals with HIV/HCV coinfection compared to those with HCV monoinfection with HCV-specific IL-17A production being significantly higher in the PBMC of individuals with chronic and acute HCV with ongoing HAART-treated HIV infection compared to those with HCV monoinfection (p = 0.0287; p = 0.0478, respectively) ( Fig  2B) . HCV-specific IL-21-producing responses in acute infection are associated with viral control
We compared HCV-specific IL-17A and IL-21 production with plasma HCV RNA levels in individuals with acute HCV infection with prior HIV infection (Fig 3) . HCV-specific IL-21 producing responses were inversely correlated with plasma HCV RNA levels (r = -0.615, p = 0.0146) (Fig 3A) , however no correlation was seen between HCV-specific IL-17A responses and plasma HCV RNA levels (Fig 3B) . We then stratified the acutely infected patients based on the amount of IL-21 being secreted from PBMC in response to HCV antigens. As seen in Fig  3C , plasma HCV RNA levels in individuals with HCV-specific IL-21 producing responses >50pg/ml were significantly lower than plasma HCV RNA levels in individuals with HCVspecific IL-21 producing responses <50pg/ml. We then examined the relationship between HCV-specific IL-17A and IL-21 production and plasma HCV RNA levels in individuals sampled during chronic HCV mono-and chronic HIV/HCV coinfection and saw no correlation between HCV-specific IL-21 or IL-17A responses and plasma HCV RNA levels (S1A-S1D Fig) suggesting that in chronic infection, there may be a defect in the ability of IL-21 to activate HCV-specific CD8 + T cells. We were also unable to observe a correlation between HCV-spe- 
LPS Levels are elevated in the plasma of individuals with HIV/HCV coinfection on HAART therapy
Considering previous work suggesting that Th17 cells may be induced due to gut microbial translocation, we sought to examine LPS and soluble CD14 levels in the plasma of our crosssectional cohort using the limulus amebocyte lysate assay and sCD14 ELISA. Fig 4A illustrates that HIV/HCV coinfected individuals on HAART treatment had significantly higher levels of plasma LPS when compared to healthy individuals and to HIV/HCV coinfected individuals not on HAART (p = 0.0054 and p = 0.0055, respectively). We also measured plasma soluble CD14 levels as an additional marker of microbial translocation and found a trend towards higher sCD14 in plasma of HAART-treated coinfected individuals compared to their HCVmonoinfected counterparts (Fig 4B) .
HCV-specific IL-21 and IL-17A responses are found in the liver during HCV infection
Although, we could detect HCV-specific IL-17A and IL-21-producing T cells in the peripheral blood in most individuals, it is unclear whether these cells can be targeted to the liver where virus is replicating. In an individual with chronic HCV monoinfection (genotype 1a, HCV RNA level 1.08 x 10 6 IU/mL and ALT 248 U/L) we examined contemporaneous ex vivo PBMC Correlations between combined HCV NS3 and HCV NS4-induced IL-21 (A) and IL-17A (B) secretion from the PBMC of coinfected subjects and RNA levels were evaluated in individuals with acute HCV infection with prior HIV infection at the time of presentation. Statistical analyses were carried out using the Spearman's rank correlation test. (C) Acutely HCV-infected patients were stratified as having low HCV-specific IL-21 production (<50pg/ml) and high HCV-specific IL-21 production (>50pg/ml) and differences in HCV RNA levels were examined. Median values are indicated in the figure. Statistical significance was calculated using the twotailed Mann-Whitney U test. p< 0.05 considered statistically significant. For every HCV monoinfected individual, IL-21 treatment of PBMC enhanced production of IFN-γ from HCV-specific CD8 + T cells (p = 0.0429) (See Fig 5A and 5B ). In the group with HIV/HCV coinfection, we saw little to no improvement in HCV-specific CD8 + T cell IFN-γ responses in those who were HAART naïve, and enhancement of responses in 2/5 HAARTtreated individuals (Fig 6) . Pretreatment with recombinant IL-21 enhanced CD3/CD28 stimulated IFN-γ production from CD8 + T cells in all three groups of patients, suggesting that the refractoriness observed in the PBMC of coinfected individuals is restricted to the HCV-specific CD8 + T cells (See Fig 5C) . Recombinant IL-17A treatment did not enhance HCV-specific IFN-γ production from CD8 + T cells in any of the individuals studied (data not shown). A different response to IL-21 could be due to IL-21 receptor alpha (R) expression differences, however we did not observe differences in IL-21R expression on CD8 + T cells between HCV monoinfected and HIV/HCV coinfected individuals (See Fig 6) . Thus, IL-21 can improve HCV-specific CD8 + T cell function in PBMC from individuals with HCV monoinfection. PBMC from individuals with HIV/HCV coinfection are somewhat refractory to IL-21 treatment.
Discussion
In this study, we examined HCV-specific IL-17A and IL-21 responses in HIV/HCV coinfection. These responses are of interest in HIV/HCV coinfection due to the role of virus-specific IL-21-production in the enhancement of viral clearance [11, [13] [14] [15] and the pro-fibrogenic properties of IL-17A [20] . We found that HCV-specific IL-21 production was enhanced in the PBMC of patients who exhibited relative viral control in acute HIV/HCV coinfection. In addition, HCV-specific IL-17 producing responses were stronger in the PBMC of HIV/HCV coinfected individuals compared to their monoinfected counterparts, although these responses remained strong regardless of the ability of the individual to control viremia. The fact that HCV-specific IL-21 responses correlated with HCV viral control in acute HIV/HCV coinfection is consistent with previous findings from HIV, HBV and HCV monoinfections in which virus-specific IL-21 production was associated with viral control [11, 13, 15, 25] and suggests that HCV-specific IL-21 secretion may rescue HCV-specific CD8 + T cell responses, leading to viral decline. In chronic HIV/HCV coinfection, HCV-specific IL-21 responses were higher in the PBMC of patients receiving HAART therapy. Meanwhile, while not significant, the mean plasma HCV RNA levels in HAART-treated individuals were approximately 2.8 times lower than their HAART naïve counterparts, suggesting a role of IL-21 in limiting viral proliferation in not only acute but also chronic HCV infection. However, in our study, we found that stronger HCVspecific IL-21 responses correlated with better viral control in acute but not chronic infection, suggesting that HCV-specific CD8 + T cells may be less able to respond to IL-21 in chronic infection. HAART treatment has been associated with reduced plasma HCV RNA levels [26, 27] although not in all cases [28] . Based on our results, it is possible that HAART treatment may lead to immune reconstitution and the recovery of HCV-specific IL-21-producing T cells, which can provide help to HCV-specific CD8 + T cells, leading to viral decline. The fact that we did not see an association of HCV-specific IL-17A responses with relative immune control in acute infection suggests that IL-17A may be part of a cytokine milieu that favors HCV disease progression and inflammation rather than viral clearance. Indeed, it has been recently shown that IL-17A has pro-fibrogenic properties, driving hepatic stellate cell activation [20] . We also found that HAART treatment and HIV viral control did not impact the degree of IL-17A being secreted in response to HCV antigens. The impact of HAART on fibrosis progression is currently unclear, however recent data has shown that HAART-treated HCV coinfected persons have higher rates of fibrosis progression and hepatic decompensation than their HCV monoinfected counterparts [29] . In agreement with this, fibrotest scores tended to be higher in HAART-treated individuals from our cohort. It is known that Th17 cells are enriched in the intestine [30] [31] [32] and are depleted during HIV infection when there is a rapid and irreversible CD4 + T cell reduction in the gastrointestinal tract, resulting in the translocation of bacterial components into the gut [33] . We found that HAART-treated coinfected persons had significantly higher levels of plasma LPS when compared to healthy individuals and to HAART-naive coinfected individuals and may be due to differences in age and duration of HIV infection. HCV infection alone did not lead to higher LPS levels, a finding that confirms earlier data [34] . The finding that the differences in LPS levels in HIV/HCV coinfected treatment-naïve individuals remained insignificant in comparison to the healthy donors was surprising and may be due to a relatively younger age, shorter duration of HIV infection and higher nadir CD4 + T cell counts in these individuals.
In this study, we were limited by a lack of available liver tissue and thus our results are predominantly describing HCV-specific responses in the periphery, which may be distinct from that of the liver. Also, using the transwell cytokine secretion assay, we were unable to show whether the lack of HCV-specific responses was associated with the expression of exhaustion markers, as has been shown previously [35] . While we attempted to use flow cytometric techniques to examine HCV-specific CD4 + and CD8 + T cell responses, the flow-based assays were not sensitive enough to detect HCV-specific IL-21 being secreted by CD4+ T cells. This is likely due to the progressive T cell exhaustion observed in chronic HCV infection that is worsened in HIV/HCV coinfection [8, 20] . Our patient population was not age-matched which may also be a potential confounder. As well, longitudinal blood samples were acquired during follow-up appointments for acute infection and therefore in some cases only two samples were acquired. Our longitudinal studies were limited by small numbers of patients as it is challenging to capture patients during acute HCV infection. In particular, we were unable to recruit more than 1 acutely HCV monoinfected individual into our longitudinal study. As well, we were unable to include additional coinfected patients not under anti-retroviral therapy as the majority of HIV/ HCV coinfected patients in our cohort were on HAART therapy or were immediately put on HAART therapy by their physician when acute HCV coinfection was detected. In conclusion, the findings from this work suggest that in HIV/HCV coinfection, IL-21 appears to act as an effector cytokine, contributing to the maintenance of HCV viral control, and may have potential as a therapy to augment or enhance refractory CD8 + T cell responses to improve viral control.
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